The presence of G-precipitates at grain boundaries(GBs) in Inconel 718, though generally believed to be detrimental to the fracture properties of the material, has also been reported to be beneficial in enhancing its ductility and toughness. The 6 precipitates at GBs are normally produced by a modification of the heat treatment procedures. These modified treatments may also significantly alter the state of strengthening microstructure within the grain material at the same time. As a result, the actual effect of these 6 particles at GBs on the mechanical properties of the alloy may be complex, and its analysis may not be as straight forward as has been assumed.
I. Introduction
In the high temperature creep, the effect of precipitate particles at grain boundaries on the creep fracture is believed to not only depend upon the creep deformation conditions but also on the size of the particles[ 121. When the size is either very small(less than lOOmn), or very large (>5Oum) strengthening through the precipitates can be achieved either by interaction with dislocations, or by load transfer. When the size is between the extremes, creep voids are normally associated with the precipitates instead of strengthening. As a result, it is generally believed that the presence of the precipitates is detrimental to the creep fracture properties of a material, since it is difficult for most engineering materials to have grain boundary precipitates with a size beyond the intermediate size range. This also holds true for Inconel 718 in which the &phase, that is normally present at grain boundaries, has been often observed to be detrimental to its fracture properties[3 I.
To study the effect of precipitates at grain boundaries on the creep fracture behavior, many research projects have been conducted to obtain an understandin of the mechanism of precipitate-induced void formation, and their growth and propagation 41. In contrast to this, f little information is available on the effect of the density of grain boundary particles on the creep fracture behaviour. Such a study is important, because it is believed that the variation in the precipitate density at grain boundaries may be able to change the sliding conditions along the boundaries. This may, in turn, exert a beneficial influence on fracture behaviour. In this study, Inconel 718 has been heat treated to obtain various materials with identical grain size and microstructures but with a different state of dispersion of 6 precipitates at the GBs. Creep tests have been conducted at 795 MPa and 625'C on these materials in order to study the effect of the density of b-precipitates at grain boundaries on the creep fracture behaviour of Inconel7 18.
II ExDerimental Methods
The chemical composition of Inconel 718 used in this study, as determined by Arrow Lab, Wichita, Kansas(USA), is given in Table 1 . A 2.54 mm thick sheet of the alloy was coldrolled to a thickness of 1.4 mm and machined into flat samples with a gauge dimension of 1.3 mm X 5.3 mm X 25.4 mm. The creep samples were heat treated in accordance with the scheme illustrated in Table 2 , Which is based on the work of other investigators[5y61, in order to obtain controlled and specific microstructures. The heat treated as well as creep deformed specimens were examined by a JEOL 840 Analytical Scanning Electron Microscope and a JEOL 2000FX Analytical TEM/STEM. The size and the number of precipitates at grain boundaries were analyzed based on the binary images created from the secondary electron image of the precipitates. Such analysis was carried out continuously on the entire grain boundaries of several grains. The total length of the grain boundaries being analyzed was also measured on the SEM micrographes. The average line density of precipitates at grain boundaries were calculated based on the number and the average size of precipitates on a given length of grain boundaries. More than a thousand particles on grain boundaries of at least 5 grains were scanned on each material. The creep tests were carried out at a temperature of 6250C and an applied stress of 795 MPa on Denison constant stress creep machines. The test temperature was controlled within ?3OC and a flow of argon gas through the test chamber was maintained, Creep strain was recorded by a strip chart recorder. 
III. Results
The microstructures of the specimens that were either air cooled or furnace cooled from solid solution treatment at 102OoC are presented in Fig. I (a) and l(b) respectively. It is seen that in contrast to the air cooled material, which is free of any precipitates except for a few primary carbides, the furnace cooling has produced coarse precipitates of y' + y" phases in the grain interior as well as small particles of 6 phase at the grain boundaries. The furnace cooled material was given a partial solid solution treatment at a temperature in the range of 9000C to 1 OOOoC to dissolve the intra-grain precipitates, but to preserve those present at grain boundaries. As shown in figure 2 , the partial solution treatment at a temperature below 9250C was not successful in achieving this. However, when the temperature is 925OC or above, the specimens are free of all the intra-grain precipitates and the &precipitates at grain boundaries have grown slightly as compared to those observed before the partial solid solution treatment. The precipitates at grain boundaries were quantitatively examined by SEM. The results are shown in Fig.3 , where the average diameter, and the line density of the precipitates have been plotted against the partial solid solution treatment temperature. It is seen that, the average diameter of 6 particles varies from 0.52um at 925OC to 0.34pm at 975OC and the density from 67% at 9250C to 22% at 1000°C. All the partial solution treated materials were aged at 7250C for 25 hours, which produced a homogenous distribution of y' + y" precipitates within the grains. It is seen in Fig.4 that the size of y' + y" is the same in materials with clean grain boundaries as the material with 6 precipitates at grain boundaries. The final grain size of all the specimens was found to be about 
Creep tests
Creep tests on specimens of various heat treated material were conducted at 795 MPa and 6250C. The creep curves of various specimens that were partially solution treated from 9OOoC -102OoC are given in Fig.5 . The total rupture time and total creep strain are also plotted against the partial solution treatment temperature in Fig.6 . It is seen that as the material is partially solution treated total creep strain initially decreases to a small extent. However, it increases very rapidly when the partial solution treatment temperature is reduced below 9750C. The rupture time also decreases initially, but more rapidly, with an increase in the partial solution treatment temperature, however the minimum in its value is seen to occur at the same temperature of 975OC. 
Fractographic Examination
The fractographes of crept samples are shown in Fig. 7 and the observations can be summarized as follows:(l) The fracture is intergranular in all cases, whether precipitates are present at the grain boundaries or not. (2) For the material with clean grain boundries, occurrence of deformation on grain boundary's facets is not observed, though traces of slip lines in the grain interior are observed (Fig.7d) . (3) When the solid solution treatment temperature is less than 975oC, heavy deformation is observed at the interfaces of grains where many deformation dimples can be seen (Fig.9a and b) . (4) Although massive precipitates are present at the grain boundaries in samples which were partially solid solution treated at and above 9750C temperature, however, no indication of grain boundary deformation is evident. The polished flat surface of gauge section of failed samples was also examined by SEM to further study the creep fracture behaviour and typical micrographes are shown in figure 8. It is seen that, (1) the wedge-like cracks at triple points of grain boundaries are dominant in the material with clean grain boundaries (Fig.8a) . Some small creep voids on regular grain boundaries are also observed, though they are often associated with intersection site of slip lines and twins and grain boundaries; (2) the wedge cracks at triple points might initiate the fracture in the material with low density of precipitates at grain boundaries. The wedge cracks are seldom observed in materials with high density of precipitates at grain boundaries , instead creep cracks are often found on normal grain boundaries. The formation of precipitates at grain boundaries will extract some y' + y"-forming elements from the grain matrix, which may reduce the strength of the grain material. Since the softening of the grain material can assist the relaxation of stress concentration built-up around the precipitates, the initiation of creep voids might be delayed and they may require a longer time to link-up. This consideration might be especially significant for the material with a partial solid solution temperature of 9OOoC, at which the coarse y'+ y" particles, that pre-precipitated during furnace cooling, did not dissolve and had grown instead in the grain matrix. This is probably why the material has a much longer rupture time and can also undergo more deformation than the other materials that have either higher or less precipitate density at grain boundaries.
In considering the rupture behaviour of the material that was partially solution treated at or above 925oC, the decrease in strength of the grain material, as discussed above, may not be a key factor in influencing the rupture time and total creep strain. This is because, as is observed in Figs. 5 and 6, the material with a solid solution temperature of 1000°C exhibits much higher values of rupture time and creep strain than the material treated at 975oC, though the former should have a higher strength grain material since less precipitates have formed at the grain boundaries. That is, the grain boundary precipitates may be mostly responsible for the fracture behavior, while the weakening effect that occurred in grain matrix due to the formation of grain boundary precipitates might play only a minor role.
Effect of Grain Boundarv Precipitates
It has been concluded by many researchers that precipitates at grain boundaries are only able to prevent the grain boundaries from sliding without introducing creep voids when they are either very large or very small[ll. In the present study, the size of precipitate at grain boundaries does not vary very significantly. In addition, the creep voids are observed in all cases. This suggests that precipitates at grain boundaries in Inconel 718 may play only a minor role in terms of their influence on creep resistance, and the variation in their size might be also not significant in controlling their fracture behavior. This suggestion can be evaluated by examining the dependence of rupture time and creep strain on particle size. This is shown in Particle Density at Grain Boundaries cracks and the resistance to the propagation in the sliding direction of a grain boundary. It is believed that, an increase in precipitate density at grain boundaries, will decrease the shear stress available to act on the propagating cracks, and may also increase the resistance for propagation. Both these factors will decelerate the propagation process, as indicated by t,, line in Fig. 11 . The above analysis of the manner in which the state of stress controls the crack propagation process, depending upon the nature of the crack can be verified by the examination of fracture surface shown in Fig. 7 and Fig. 12 . For example, the material with the lowest rupture time has been identified to fracture by the propagation of wedge crack. Its intergranular boundary facets are scattered with the precipitates and cavities with shapes similar to those of the precipitates that have been pulled out from the surface. Indications of deformation around the precipitates as well as on the boundary surface are not evident. This is also true for the material with a clean grain boundaries, in which the trace of slip lines due to the deformation of grain material are well preserved. In contrast to this, the material which is suggested to have fractured by the propagation of void-formed cracks shows massive deformation on the grain boundaries, which must be by a stress along the direction parallel to the boundary surfaces. The Complete Rupture Process The complete rupture process, as represented by a solid line in Fig 11, includes both the initiation and propagation process. In the low precipitate density region, an increase in the precipitate density at grain boundaries may increase the time needed for wedge cracks to develop, but will shorten the propagation process. For example, the 575
Fig 9, in which both the rupture time and total creep strain are seen to increase with an increase in particle size. This is at variance with the variation in total creep strain and rupture time with the partial solution treatment temperature shown in Fig.6 . In addition to the precipitate size, the partial solution treatment temperature also influences the inter particle spacing. Therefore, total creep strain and rupture time were also plotted and are given in Fig. 10 . It can be seen that, a transition in the curve occurs when the particle density is about 45% which corresponds to a partial solid solution treatment temperature of 975oC. This transition is also consistent with the microstructural and fiactographic observations. Typical examples of fractographes and microstructures are shown in Fig. 7 and 8. It is seen that when the density of precipitates at grain boundaries is higher, then the rupture time and creep strain decrease with a decrease in precipitate density, and cracks that could lead to the final rupture are observed to develop at normal boundaries. However, when the density is lower, then the rupture time and total creep strain increase, although to a small extent, with a decrease in density of precipitates at grain boundaries. In this region fracture is characterized by the propagation of wedge cracks initiated at triple points of grain boundaries.
Fracture Mechanisms
Crack Initiation It is believed that in the high temperature creep, shear stress exists along grain boundaries. This shear stress may cause them to slide, which, in turn, may impose a concentration of stress at the triple points of the moving boundaries, leading to the formation of a wedge cracks141. When precipitates are present at grain boundaries, the sliding will be resisted by them, so that the possibility of developing a concentration of stress at triple points will be minimized. As a result, the risk of forming a wedge crack can be reduced. This implies that, an increase in the density of precipitates at grain boundaries will increase the incubation time for the initiation of a wedge crack at the triple points. This process is schematically illustrated by a straight line marked t,, in Fig. 11 .
When precipitates act as a barrier to grain boundary sliding, they can also act as stress concentrators. This stress concentration may be relaxed depending upon the size of the particles, or may cause the formation of creep voids, as it is observed in the present material. These creep voids may also grow and link up to a unstable crack size. With an increase in the precipitate density at grain boundaries, the time required for voids to become unstable cracks will also increase. This is because the higher the density, the value of the shear stress shared by each precipitate is reduced and a longer time is needed for the growth of such voids. This creep void-induced crack forming process is presented by a straight line denoted by t,, in Fig. 11 .
The t,, line intercepts the t,, line. The intercept delineates the process of wedge-crack initiation at a triple point of grain boundaries and that of void-crack development on normal grain boundaries, i.e. wedge cracks are dominant in the material with lower density of precipitates at grain boundaries, while void-formed cracks might be associated in the material with higher density of precipitates at grain boundaries. Crack Propagation After the crack has been initiated, its propagation will take place. The wedge cracks in the low density region will propagate in a way like a wedge chiseling into the openings. Therefore, the stress normal to the grain boundaries, and the bonding strength between the grains that may determine the propagation process. The presence of precipitates, which introduced creep voids around them, will actually weaken the bonding strength of the two grains in the direction perpendicular to the boundary. As a result, the propagation process can be accelerated with an increase in precipitate density at grain boundaries. This process is demonstrated by the t,, line in Fig. 11 .
In contrast to the propagation of a wedge crack , the propagation of void-formed cracks on a normal boundary may depend on the magnitude of the shear stress acting on individual material with clean grain boundaries or with a small amount of precipitates on them may require a shorter time to initiate a wedge cracks, but may need a longer time for them to propagate because of the smaller amount of damage caused by the smaller precipitates to the grain boundaries. This will reduce the total rupture time. When the grain boundary precipitate density is relatively high, the unstable cracks on a normal boundaries can develop earlier than wedge cracks at triple points, and the propagation process will rely on the shear condition along the grain boundary and increase the overall rupture time as the particle density is increased further.
V. Conclusions 1. When Inconel 718 is creep deformed at 795 MPa and 625 oC both the total creep strain and rupture time decrease with an increase of up to 45% in the density of precipitates at grain boundaries. Above this value of grain boundary precipitate density, total creep strain and rupture time increase with an increase in the density of grain boundary precipitates. 2. The SEM examination of the fracture surface has shown that wedge cracks form at the tripe points of grain boundaries when the material has a low precipitate density at grain boundaries. However, creep void-formed cracks on normal boundaries were often observed in the material that had high precipitate density at grain boundaries. 3 . It has been suggested that, with an increase in the density of precipitates at grain boundaries the formation of wedge cracks at triple boundaries can be delayed to the stage where creep voids around precipitates at normal grain boundaries are able to grow into unstable cracks. The propagation of a wedge crack is driven by the stress normal to the boundary containing the wedge crack. Therefore, the propagation process will be accelerated by the presence of precipitates since they have reduced the grain boundary strength by the introduction of creep voids around them. However, the stress along the direction of grain boundary sliding might be the controlling force for the propagation of void-formed cracks as observed in the material with a higher density of precipitates at grain boundaries. As a result, the propagation process can be decelerated since an increase in the precipitate density at grain boundaries will decrease the magnitude of the shear stress that acts on the cracks and also increase the resistance to the crack propagation.
